Abstract. This paper proposed a fault estimation method based on robust residual generators for a linear system. A system with additive actuator or component faults was considered in the case where the number of the independent faults was larger than that of the independent measurements. This method was achieved based on UIO robust residual generators and there was no need to design extra fault estimators. In this method, fault estimation was achieved via three steps. First, codingsets, which describe the sensitivity relationship between faults and generators, are designed. Second, a bank of robust residual generators are designed according to the coding sets. Finally, fault estimation is achieved by using the result of fault isolation and the output of robust residual generators. A sufficient condition on the application of the method was given and the asymptotic convergence property of the estimation error by using the method was proved. Simulation results demonstrate the effectiveness of the method.
Introduction
In recent years, with the rapid development of technologies, different kinds of systems are more complicated, and faults are easier to happen at the same time. Therefore, how to detect fault before it happens as soon as possible is the key to improve the reliability and safety of the system, it is also the hot topic that people research and there are series of research results [1] [2] [3] . The overall concept of fault diagnosis consists of fault detection, fault isolation, and fault analysis or identification. Fault diagnosis techniques are divided into model-based fault diagnosis techniques and data-driven design of fault diagnosis depending on the difference of character description and decision-making method between different systems. The former's core idea is to replace analytical redundancy with physical redundancy, and design observer to estimate the output of the system, then compare it with observed value to get information about fault [4] [5] [6] .
As one of the model-based fault diagnosis techniques, the fault diagnosis technique based on robust residual generators is able to combine uncertainty of system and take full advantage of system's deep information, which is good for fault detection, fault identification, and fault isolation. The key of this method is to design a group of robust residual generators, and each robust residual generator is sensitive to a certain fault, but robust to the rest faults. Therefore, fault isolation can be achieved. Wang et al. designed robust observer for a linear system with additive actuator or component faults and isolated the fault [7] . Chen et al. designed robust residual generators based on UIO, then diagnosed and isolated component faults of a linear system [8] . The dimension of the fault diagnosis techniques based on UIO robust residual generators is same as the diagnosed system.
How to estimate fault is also the research emphasis in fault diagnosis. Hou, et al. designed UIO-based fault estimation method in the case where the number of the independent faults was larger than that of the independent measurements, and it also needs derivative of output, but derivative of output is hard to get [9] . In order to estimate actuator faults, Hamayun et al. designed sliding mode observer, but it also requires the number of the independent faults was larger than that of the independent measurements [10] . These two methods are both have limitations, and hard to meet requirements. Researches on the case where the number of the independent faults less than that of the independent measurements seem to be less [11] .
When the number of the input channel independent faults(mainly include additive actuator and component faults) less than that of the independent measurements in linear system, in this paper, a fault estimation method based on UIO robust residual generators and suitable conditions were given, and achieved fault isolation and estimation.
Problem Formulation
Consider a typical linear system with additive actuator or component faults described as [12, 13] ( ) ( The fault diagnosis techniques based on UIO or sliding mode observer are able to achieve fault estimation in the case where rank(CD)=rank (D) ,that is l p d ; these two methods will not be able to directly estimate fault when the number of the input channel independent faults less than that of the independent measurements. Therefore, in this paper, a fault estimation method based on UIO robust residual generators will be designed after fault isolation.
Fault Estimation
Considering there are many researches on fault detection and fault isolation when l p ! , the basic idea is to detect fault by designing Luenberger observers, and isolate faults by designing code sets and robust residual generators. The specific process is as follows.
Fault Detection Strategy
In order to detect fault, at first, design Luenberger observer for the linear system described as [1] (
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With an observer gain L that ensures the observer stability. Then design residual evaluation function J(t) described as
The following inequalities are used to determine whether the fault occurs:
where th J is threshold value, which is small and random.
Fault Isolation Strategy
(1) Encode fault signal. Suppose l={1,2,…,l}is the set composed of fault subscript, m={1,2,…,m} is the set composed of residual subscript. j m : , j l is the fault coding set composed of robust residual generator subscripts which is sensitive to fault number j, i l * , i m is the fault set composed of fault subscripts which is sensitive to robust residual generator number i, that is to say, it is the set composed of fault subscripts that influence robust residual generator number i. Ω j and Γ i are both able to describe the corresponding relations between fault and residual, and achieve system fault isolation.
In order to isolate intercurrent fault as many as possible when ( ) rank C p ,fault coding set can be designed to let robust residual generator be robust to p-1faults, sensitive to l+1-p faults, so that 1 p l C robust residual generators can achieve p-1intercurrent fault isolation.
(2) Design UIO-based robust residual generator Suppose a typical linear system with additive unknown input are described as
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where Sζ(t) is unknown input. And satisfies
A A S CS CS CS CA . When the system described as (5) has fault, it can be rewritten as (1) which is described as a system with single input fault vector.
Proof. A I is component fault identification matrix which describes component faults, and 1 ( ) f t describes actuator faults, so that we can obtain
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By defining 
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where fault vector f(t) in the new state can be described as
UIO-based robust residual generator i can be described as 
where F i is Hurwitz matrix, i l * consists of elements in the lbut not i * .
In a similar way, fault detection of residual generator i is given by ( ) ( )
Design one-to-one fault indicator function
where i RI is 1 or 0,
J t is residual threshold value, which is small and random, and its value can be known through Monte Carlo experiment.
Suppose fault indicator function j FI of fault j described as In this way, fault isolated can be achieved.
Fault Estimation Strategy
At presents, most of researches can only achieve fault detection and fault isolation when the number of the independent faults is larger than that of the independent measurements, researches on fault estimation seems to less. In this paper, UIO-based robust residual generator was designed at first to isolate fault when l>p, and then fault estimation method was designed after fault isolation. The specific process is as follows. By defining where I n is identity matrix with n dimension, s is complex number with real part equal or greater than 0, D (Γi) is matrix corresponding to Γ i , we can achieve fault detection by (2)- (4) and fault isolation
by (11) Proof: It is easy to achieve fault detection and fault isolation by (2)~ (4)and (11)~(15). We just prove that fault estimation is feasible.
By defining
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(22) It can be inferred from (11)and (12) that
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And 
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has least square solution. The least square solution of (26) is the solution of equation based on the theory that equation must has solution. Therefore, we can obtain
Simulation Results
A linear system is employed with the following parameters: 
¼ There are four independent faults but three independent measurements in the system, so 2 4 C robust residual generators should be designed. Fault coding set is described as Table 1 . Table 1 . Coding sets of simulation.
In the Table 1 , "0"means that residual is robust to fault, while"1"means that residual is sensitive to fault. The parameters of UIO-based robust residual generators described as (11) are set as 
